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Abstract 

We study D-dimensional gauge theory with an extra dimension of a circle at 
finite temperature. We mainly focus on the expectation value of the gauge field 
for the direction of the extra dimension, which is the order parameter of the gauge 
symmetry breaking. We evaluate the effective potential in the one-loop approxima- 
tion at finite temperature. We show that the vacuum configuration of the theory 
at finite temperature is determined by a {D — l)-dimensional gauge theory defined 
by removing the Euclidean time coordinate as well as all of the fermions from the 
original D-dimensional gauge theory on the circle. It is pointed out that gauge 
symmetry nonrestoration and/or inverse symmetry breaking can occur at high tem- 
perature in a class of gauge theories on circles and that phase transitions (if they 
occur) are, in general, expected to be the first order. 



1 E-mail: dragon@kobe-u.ac.jp 

2 E-mail: takenaga@kumamoto-hsu. ac.jp 



1 Introduction 



Over the past few decades, a considerable number of studies have been made on higher- 
dimensional field theories where some of the spatial coordinates are compactified on cer- 
tain topological manifolds. Such theories are found to possess unexpectedly rich properties 
that shed new light and give a deep understanding on high energy physics beyond the stan- 
dard model. In fact, it has been shown that new mechanisms of gauge symmetry breaking 
[U El El HI [5] , spontaneous supersymmetry breaking [6] , and breaking of translational in- 
variance [7J [8] can occur, and that various phase structures arise in field theoretical models 
on such space-time [9j [10]. Furthermore, new diverse scenarios of solving the hierarchy 
problem have been proposed in [HI [121 [131 E] ■ 

Since the origin of gauge symmetry breaking is still an unsolved problem, it will be 
worth pursuing alternative possibilities of gauge symmetry breaking other than the Higgs 
mechanism. In this paper, we will focus on the gauge symmetry breaking caused by 
expectation values of gauge fields for the directions of extra dimensions particularly at 
high temperature. If the gauge symmetry breaking of SU(2) x U(l) to U(l) cm is given by 
the Higgs mechanism, the gauge symmetry will be restored at high temperature, since one- 
loop corrections to the Higgs mass squared are proportional to T 2 with positive coefficients 
at high temperature [T5l [T6], [TT] . On the other hand, the gauge symmetry breaking via 
gauge fields for extra dimensions is expected to exhibit quite different behavior at high 
temperature. This is because the UV cutoff dependence is directly related to the high 
temperature corrections [17] and because quantum corrections to the zero modes of such 
gauge fields are expected to be UV finite due to the higher-dimensional gauge symmetry 
(while Higgs mass corrections are quadratically divergent). 

In this paper, we study .D- dimensional gauge theory with an extra dimension of a 
circle at finite temperature, in which there are two order parameters of gauge symmetry 
breaking: One is the zero mode of the gauge field for the direction of the Euclidean time, 
and the other is that for the extra dimension. We evaluate the effective potential for 
the zero modes in the one-loop approximation and clarify the vacuum configuration at 
finite temperature. Our results show that at high temperature the expectation value of 
the gauge field for the extra dimension in the .D- dimensional gauge theory on a circle 
can be effectively determined by a (D — l)-dimensional theory defined by removing the 
Euclidean time coordinate and all of the fermions from the original .D- dimensional gauge 
theory on the circle and that the gauge symmetry nonrestoration (SNR) and/or the inverse 
symmetry breaking (ISB) can occur at high temperature in a class of such gauge theories. 
We further point out that phase transitions (if they occur) are, in general, expected to be 
first order. It would be of interest to investigate physical implications of the above results 
in cosmology |18j . 

This paper is organized as follows: In section 2, we briefly explain the zero modes 
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of the gauge fields for the Euclidean coordinate and the extra dimension, which are the 
order parameters of the gauge symmetry breaking. In section 3, we evaluate the one- loop 
effective potential for the zero modes and write it in three different ways. In section 4, 
we study the expectation values of the gauge fields in particular at high temperature. 
In section 5, we present five-dimensional SU(2) models with the gauge symmetry non- 
restoration or the inverse symmetry breaking at high temperature. The final section is 
devoted to conclusions. 

2 Dynamical Variables in Finite Temperature Gauge 
Theories Compactified on S* 1 

In this section, we briefly discuss dynamical zero modes, which are the order parameters 
of gauge symmetry breaking, in D-dimensional gauge theory compactified on a circle at 
finite temperature. The D-dimensional coordinates of the system are decomposed as 

x K =(r,x i ,y), (i = l,2,...,£>-2), (1) 

where r denotes the coordinate for the Euclidean time direction, which is compactified 
on a circle Si whose circumference is given by the inverse temperature (3 = T -1 . The y 
is the coordinate of the extra dimension, which is compactified on another circle S\ of 
circumference L. The x l (i = 1, 2, • • ■ , D — 2) are the coordinates on (D — 2)-dimensional 
flat Euclidean space R D ~ 2 . According to the decomposition ([Tj) of the coordinates, the 
gauge fields Ak are also decomposed as 

A K = (A T , A, A y ), (i = 1, 2, • ■ ■ , D - 2). (2) 

Since the system has two distinct circles of Si and Sj^, the zero modes of A T and A y , 
i.e. the expectation values (A T ) and (A y ) become dynamical variables, which cannot be 
gauged away, because the circles are multiply-connected [4]. 

A physical consequence of nontrivial vacuum expectation values (A T ) and (A y ) is to 
make the gauge bosons massive through the couplings 

g 2 (tr[(A T ), (A^ + trKAy), (A,)] 2 ). (3) 

The appearance of massive gauge bosons is a signal for the gauge symmetry breaking, so 
that the gauge symmetry breaking patterns are determined by (A T ) and (A y ). 

It should be noted that the tree-level potential from the coupling trF 2 y arises as 

V tree = g 2 tr[(A T ), (Ay)} 2 . (4) 

In terms of the dimensionless order parameters 

(a T ) = g(A r )^-, (a y ) =g(A y )^, (5) 
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which are more suitable for our discussions, the tree potential (prj can be written as 

V *ee = ^^ix[(Or), (a y )] 2 . (6) 

We observe that in the weak coupling limit, the term (El) dominates the potential, so that 
it is natural to expect that the vacuum configuration lies along the flat direction 

[(a T ), (a y )] = 0. (7) 

In the following, we assume the relation (J7J). 

3 One-Loop Effective Potential 

In this section, we evaluate the one-loop effective potential for the dynamical variables (a T ) 
and (a y ) in the D-dimensional finite temperature gauge theory with an extra dimension 
of the circle S^. We show that the effective potential can be written into three different 
expressions: One is suitable for examining the behavior of high temperature or a large 
extra dimension. Another is suitable for the opposite limit of low temperature or a small 
extra dimension. The third one is useful for numerical computations. 

Before driving the effective potential for (a T ) and (a y ), we will first give the effective 
potential for (a T ) in .D-dimensional gauge theory at finite temperature but without com- 
pactification, and then that for (a T ) at zero temperature with the circle compactification. 
The forms of the effective potentials without compactification or at zero temperature 
turn out to be helpful in understanding the high or low temperature behavior of the finite 
temperature gauge theory with the extra dimension. 

3.1 Effective Potential at Finite Temperature 

Let us first consider D-dimensional finite temperature gauge theory without compactifi- 
cation. In this system, the dynamical order parameter is given by (a T ). The standard 
prescription [19j to evaluate effective potentials for (a T ) leads to |20j £ 



2 I M \ 2 r / 

V D ((a T ),f3,M) n = Af(-iy+ 1 — 1I Y, hd K»{M(3l)tv {n) cos 27rZ((a T ) + 77) 

2tt) 2 ,_ n V Pi 1 2 L \ 



This is a general form of the effective potentials associated with a one-loop diagram in 
which a particle with bulk mass M propagates. The superscript D stands for the number 
of the total dimensions. The M is the number of (on-shell) degrees of freedom for the 
particle. For example, M = 1,2,2^, and 2^~ l for a real scalar, a complex scalar, a 



3 The one-loop effective potential for (A T ) has been derived in the SU(N) gauge theory at finite 
temperature [21] [22 . 23J . The one- loop effective potential in the scenario of gauge-Higgs unification at 
finite temperature has been studied in |24j . 
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Dirac spinor, and a Weyl spinor, respectively. The factor (— comes from the loop of 
the diagram and (— = —1 (+1) for bosons (fermions). The rj is defined by rj = (|) 
for bosons (fermions). The origin of this phase is the quantum statistics for bosons and 
fermions: Any bosonic (fermionic) fields have to obey the periodic (antiperiodic) boundary 
conditions with respect to the Euclidean time coordinate r, i.e. 

)+0(r) for bosons, 
—<P(t) for fermions. 

When the particle which propagates the loop belongs to the representation 7Z of the 
gauge group, (a T ) = (a£)T£, where denotes a generator of the gauge group in the 
representation 7Z. Thus, the trace on (jSJ) should be taken over the gauge indices with 
respect to the representation 7Z. The K u (z) is the modified Bessel function defined by 

y o dt r v - 1 e- At " = 2 (^) K U {2VAB). (10) 

It should be noted that the mode I in (jSJ) corresponds to the winding number around 
the circle Si but not the Matsubara frequency mode. The winding modes are introduced 
from the Matsubara modes through the Poisson summation formula. Actually, we will 
see the inverse process later. 

For the massless case, the potential (jHJ) reduces to 



T(— ) °° 1 

V D ((a T ),(3, M = 0) n = A/-(-l) /+1 4^ E 7U tr W 

7T 2 flu l=1 I 

where we have used the formula 



cos 2nl({a T ) + rj) 



]im^KJz) = 2 v - L T(u). (12) 

For the fundamental representation of SU(N), the effective potential (IE]) can be written 
in the familiar expression 

V D ((a T ),P;M) fund =Af(-lY +1 — £ tf £ (M/?/)£oos (^Kfi + v) ), (13) 

(2tt) 2 , =1 VP'/ 2 i=i v / 

where the expectation value (a T ) is diagonalized by an appropriate (constant) gauge trans- 
formation as (a T ) = diag.(<^i, cp2, • • ■ , <Pn) with V 9 * = 0- For the adjoint representation 
of SU(N), Eq. (JHD is written as 

Q OO / 7\y/~\ "2" N / \ 

V D {{a T ),(3 ] MU=M{-\y +1 — -aEbl E 008(2^-^ + 17)). 



(2tt)t £j V# 



(14) 
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3.2 Effective Potential on a Circle 

In the following, we consider D-dimensional gauge theory on the circle at zero tem- 
perature. The one-loop effective potential is given by [4j [25j [26] 

o °° / fur \ t r / \ 

F D ((a,),L,a;M) =AT(-1)^ +1 --^^ — Ka(MLn)tv m cos 27rn((a y ) + «) 

(27T) 2 n=1 V-MV 2 L V / 



(15) 

In this system, the dynamical order parameter is the expectation value of the gauge 
field A y ( or a y ) for the extra dimension and the inverse temperature /3 in (151) should be 
replaced by the circumference L of the circle S^. A difference between (JS} and ([TBI) arises 
in the phases of rj and a. It should be emphasized that the boundary conditions for the 
Euclidean time direction are uniquely determined by the quantum statistics, while those 
for the spatial extra dimension are not, a priori, known and can be, in general, twisted as 

Note that the mode n in ([TBI) corresponds to the winding number around the circle 
for the spatial extra dimension but not the Kaluza-Klein mode. The winding modes are 
derived from the Kaluza-Klein modes through the Poisson summation formula. Actually, 
we will see the inverse process later. The expressions for M = and for the fundamental 
and adjoint representations of SU(N) will be obtained similarly as before. 

3.3 Effective Potential for (a T ) and (a y ) 

Let us finally examine D-dimensional gauge theory with an extra dimension of the circle 
at finite temperature. Since the system possesses two circles of Si and S^, both of the 
expectation values a T and a y become dynamical. According to the standard prescription, 
a general form of one-loop effective potentials is found to be of the form [20] 

V D ((a T ),(3;(a y ),L,a;M) n = A/"(-l) /+1 — ^rtr 



(2tt) 2 



D_ 

2 



M \ 2 f 
£(-J Ko(Mi3l)cos(2nl({a T )+ V ) 



=i 

oo 



+ [l^) K i (M£n)cos(27rn((%) + c 

D_ 



M 

x cosf 2Tcl((a T ) + rj) ) cos( 2Tcn((a y ) + a) 



(17) 



where we have used the relation 0. Since the expression ([T7]) is suitable for investigating 
neither the high temperature behavior nor the low temperature one, we rewrite it into 
two other different expressions. This is the main purpose of this subsection. 
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To this end, we first combine the second and the third terms in (1171) together: 



where 



2nd + 3rd terms in ([T 



Af(-l) 



(2vr; 



E E 



M 



D_ 

■2 



xe ^ l (M+v) cos(2irn((a y ) + a] 



Kn[MJ(/3l) 2 + (Ln) 



(4< 



l=— oo n=l 



EE * r*- 1 e-i 



T- 1 -±(Wl) 2 +(Ln) 2 )-MH A2*l{{a T )+ V ) 



x cosf 2icn((a y ) + a) 



AT(-l) 



(4tt; 



, ?1=1 



EE ^ r^- 1 



0r= 

x cos( 2irn((a y ) + a) 



.(^_ t[ M 2 +(f) 2 ([+<a T >+r7) 2 ] 



AT(-l) 



/+1 



(2tt 



00 00 'MrN^ 



[=-oo ™ =1 



a E E(^) Ko^iMjLn) cos ( 27m((a y ) + a) 



M r =* 



M 2 +(^J (/ + (a T ) + r / )2. 



(19) 



Note that Mj is identical to the mass of the Matsubara mode Z at finite temperature. In 
the second and the third equalities in (1181) . we have used the formula (ITUl) and the Poisson 
summation formula 



E e 4t 

l=—oo 



+i2wl{(a T )+ri) 



z 3 £ 



(20) 



respectively. In the last equality in (ITS)) , the formula (ITU)) has been used again. 
Inserting (ITS)) into (ITT)) , we have 



K D ((a T >,/3; (a y ),L,a;M) 



TZ 



/+1 tr r 



(2vT 



T"(U) 



Kd{MPI) cos (27rZ((a T ) + 77) 
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+ \ t ^(-l) /+1 -^rtr w 

P l=-oo ( 27r ) 2 



Eh 1 KD^ 1 (M I Ln)cos(27m( y (a y ) + a) 
n=i ^ n 



(21) 



In terms of the effective potential (jSJ) and (IT5l) . we find that the effective potential (|2ip 
can be represented as 

1 00 

V D ((a T ),P;(a y ),L,a;M) n = V D ((a T ), M) n + - £ ^((a,), L, a; M~) K . (22) 

^ [=-00 

This expression turns out to be suitable for studying the behavior of high temperature 
or a large extra dimension, as we will see in the next section. It should be emphasized 
that the formula ( 1221) has a clear physical interpretation: The effective potential of the 
D- dimensional gauge theory on S\ at finite temperature T is given by the sum of the 
D- dimensional effective potential at finite temperature without compactification and the 
(one-dimensional lower) (D — l)-dimensional effective potentials on Sj^ at T = for 
Matsubara modes with masses Mj (times 

Let us next rewrite (ITTj) into another expression. To this end, we combine the first 
and the third terms in (ITTj) together: 



1st + 3rd terms in (IT 



Af(-l) 



(27T) 



E E I 

i=l ra=— 00 



.1/ 



_D 

2 



'(/3Z) 2 + (Ln) 2 
xe ,2in(K>+a) cos(^27r/((a T ) + rj) 



K £ (m^{(31) 2 + (Ln) 2 



E E 



(47T ) -' 

00 



-— —1 



i=l n=— 00 

x cos( / 27r/((a T ) + 77) 
1 



^((/3Z) 2 +(Ln) 2 )-M 2 t J2nn((a y )+a) 



AT{-1 



(4vr; 



-inr tr (^) 



1 00 00 

n=— 00 (=1 



x cost 27r/((a T ) + 77) 



(27TJ 2 



1 00 00 /M~\ 2 / 
T E E hi? ^(M^)co S (2 7 rK(a T )+r 7 ) 



n=— 00 1=1 



(31 



(23) 
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where 

-2t^ 2 



M ft = WM 2 +(-£) (n+(a y ) + «) 2 . (24) 

We should note that M n is nothing but the mass of the Kaluza-Klein mode n associated 
with the circle compactification S^. In the second and the third equalities in ( l23l) . we 
have used the formula ffTOl) and the Poisson summation formula 



Y e -^+i^n({a y )+a) = V ^_ t{ 2. ? {n+{ay)+a) 2 ^ ^ 

T i 

n=— oo n=—oc 

respectively. In the last equality in (|23|) . we have again used the formula (TTU]) . 
Inserting (|2"5|) into (1T7|) . we find 

1 oo 

y D ((a r ),/5;(a,),L,a;M)^ = \/ D (( S ),L,a;M)^ + - ]T ^((a,), /?; M ft ) K . (26) 

n=— oo 

This expression turns out to be suitable for studying the behavior of low temperature or a 
small extra dimension, as we will see in the next section. It follows from the relation (1261) 
that the effective potential of the .D- dimensional gauge theory on Sj^ at finite temperature 
T is found to be equivalent to the sum of the D- dimensional effective potential on S]^ at 
zero temperature and the (one-dimension lower) (D — 1) -dimensional effective potentials 
at finite temperature T (without compactification) for the Kaluza-Klein modes of masses 
M n (times l/L). 

4 Symmetry Nonrestoration and Inverse Symmetry 
Breaking at High Temperature 

We have succeeded in deriving the three different expressions for the one-loop effective 
potential of the D-dimensional gauge theory on S\ at finite temperature T. Using those 
results, we clarify the vacuum structure for the order parameters (a T ) and (a y ) at high 
temperature as well as low temperature, and show that the symmetry nonrestoration 
and/or inverse symmetry breaking can occur at high temperature in gauge theories with 
an extra dimension of a circle. 

Let us first investigate the vacuum configuration at high temperature, i.e. LT 3> 1. It 
turns out that the second expression ( |22i) (or ( |2~TI) ) is particularly suitable for that purpose. 
In the high temperature limit of LT — > oo, the first term in ( J22l) (or ( J2T1) ) is dominant 
because the first term is proportional to T D , while the second one is proportional to T. The 
first term is the one-loop effective potential of the D-dimensional uncompactified gauge 
theory at finite temperature and turns out to determine the expectation value (a T ) (but 
not (a y ))- In |20| . the vacuum configuration of (a T ) has been extensively studied in finite 
temperature gauge theories. It has been shown that (a T ) cannot acquire nontrivial vacuum 
expectation values in finite temperature SU(N) gauge theories that consist of an arbitrary 
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number of matter fields belonging to the fundamental and the adjoint representations @, 
as well as finite temperature SU(2) gauge theories without any restrictions on the matter 
contents. Hence, the analyses strongly suggest that (a T ) is trivial, i.e. (a T ) = 0. Although 
we take (a T ) to be zero in the following discussions, we will arrive at similar conclusions 
even if (a T ) ^ 0. 

Putting (a T ) = 0, we find that the expectation value (a y ) can be determined by the 
second term in ff22l) . Since the modified Bessel function K u (z) has an asymptotic form 
y^e -2 as z — > oo, it exponentially decreases to zero as z — > oo. This immediately implies 
that all of the fermions as well as nonzero Matsubara modes (I ^ 0) do not contribute to 
the second term in (122]) because MjL ^> 1 for LT ^> 1 with rj = | or I ^ 0. Hence, we 
can write the total effective potential for (a y ) symbolically as 



V D ((a y );(3,L) total LT ^ ±V D -\(a y )-L) 



(27) 

without fermions 



Since the overall factor is irrelevant to the determination of (a y ), we arrive at an 
important conclusion that at high temperature LT ^> 1 the expectation value (a y ) is 
determined by a (D — l)-dimensional theory defined by removing the Euclidean time co- 
ordinate as well as all of the fermions ^ from the original D-dimensional finite temperature 
gauge theory on the circle. 

We should make a comment on the above dimensional reduction at high temperature. 
It is known that at high temperature the thermal properties of a (3 + l)-dimensional 
field theory are given by an effective three-dimensional field theory [28j [29]. However, 
our present situation is quite different from that given in [281 129] : All of the fermions 
are completely decoupled at high temperature, but bosons are not. The effective po- 
tential (|2"7|) is essentially independent of temperature T at LT ^> 1 since the overall 
factor (3~ l = T does not affect the minimization procedure of the potential and since 
V D_1 ((aj / ); L) | without fermions is completely independent of T. Thus, the temperature de- 
pendence of the effective potential for (a y ) disappears at high temperature up to an overall 
factor (3~ l . This is in sharp contrast to effective potentials in ordinary finite temperature 
field theories, where masses or couplings for Higgs fields are, in general, temperature- 
dependent at high temperature. 

Let us next discuss the vacuum configuration of the theory at low temperature, i.e. 
LT < 1. In this case, the third expression (I26I) is found to be suitable. At low tem- 
perature LT <C 1, the first term in (1261) becomes dominant because the first term is 
proportional to L~ D , while the second one is proportional to L^ 1 . Thus, the expectation 



4 There is an exception. If the models includes only the matter belonging to the adjoint representation 
of SU(N), (a T ) can take one of the values in the center of SU(N), i.e. e l27Ti ~ a ^ = e l ~& k lNxN {k = 
0, 1, • • • , N - 1) due to the Z N symmetry [20] 

5 Ghost fields should not be excluded because they obey the periodic boundary conditions for the 
Euclidean time direction [2"T] . 
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value (a y ) is determined by the effective potential of the original D- dimensional gauge 
theory compactified on 5^ at T = 0, as expected naively 

The vacuum expectation value (a T ) can then be determined by the second term in 
fl26|) with a "background" (a y ). Since our previous analyses [20] strongly suggest that 
(a T ) acquires no nontrivial expectation values, we thus arrive at the conclusion that at low 
temperature (or a small extra dimension) LT <C 1 the vacuum configuration of the theory 
is determined by the original JJ-dimensional gauge theory on 5^ at zero temperature. 

We have shown that the expectation value (a y ) of the JJ-dimensional gauge theory on 

at high temperature LT ^> 1 is given by that of a (D — l)-dimensional theory defined 
by removing the Euclidean time coordinate and all of the fermions from the original D- 
dimensional gauge theory, while at low temperature LT <C 1, (a y ) is given by that of the 
original JJ-dimensional gauge theory on 5^ at zero temperature. A crucial observation 
is that the fermion contribution disappears in determining (a y ) at high temperature, 
so that we expect that the vacuum configuration at high temperature can be different 
from that at low temperature. It is known that (a y ) can acquire nontrivial expectation 
values even without fermions by appropriately choosing representations of the gauge group 
and twist parameters a's for scalars. This fact immediately suggests that the symmetry 
nonrestoration or inverse symmetry breaking can occur at high temperature in a class of 
gauge theories with extra dimensions compactified on circles |j. This is indeed the case. 

In the next section, we will present 5d SU(2) gauge models compactified on a circle 
with the gauge symmetry nonrestoration or the inverse symmetry breaking at high tem- 
perature, as a demonstration. We would like to point out that phase transitions in such a 
class of gauge theories are expected to be, in general, first order. This observation comes 
from the fact that effective potentials for (a y ) include higher powers of (a y ) and also odd 
powers of it. In the next section, we will see that the model with ISB causes the first 
order phase transition at a critical temperature. 

5 bd SU(2) Models with SNR and ISB 

In this section, we construct 5d finite temperature 577(2) gauge models on a circle with 
the gauge symmetry nonrestoration and the inverse symmetry breaking at high temper- 
ature. We numerically study the behavior of the effective potential with respect to the 
temperature for certain matter content. We assume all of the matter fields are massless, 
so that (|17p . which is suitable for the numerical analyses, becomes 



V D=5 ((a T ),(a y ),t,a-M = 0), 



l y /, L, U>, 1V1 — V)Tl 

r(-) r 00 i / \ 00 1 / 

Af(-l) f+1 ^-tT {7l) £-cos (2nn((ay)+a) ) + t 5 £ - cos (2irl{(a r ) + rj) 

7T2L 5 ' 'l^n 5 \ J fril 5 \ 



6 Models with SNR or ISB have been previously reported in mu\ti-X(f> 4 models [17] and little Higgs 
models l30l. 
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+2i 5 EE r?2 , u , 2l5 cos 2vr/((a T ) + r,) cos 2v™(( S ) + a] 
i=m=i[l 2 + {tn) 2 \2 



:28) 



where we have defined the dimensionless parameter t = LT and have used (fl2]l . The two 
order parameters of gauge symmetry breaking are 

(a y ) = diag.(0, -9), (a T ) = diag.(y2, -<p). (29) 

for the gauge group SU(2). Once we fix the matter content, the effective potential is 
given by summing each contribution of the effective potential (j28p from the gauge and 
the matter fields. The vacuum configuration 9 is determined by minimizing the total 
effective potential for fixed values of LT and ip = 0, and we then find the unbroken gauge 
symmetry of the model. 

It has been known that the matter content and the boundary conditions of fields for 
the direction are crucial for the determination of (a y ) [31]. In order to break the 
original gauge symmetry through the nontrivial value of (a y ), adjoint fermions and/or 
twisted scalars are necessary in the concerned model. On the other hand, the scalars 
satisfying the periodic boundary condition do not break the gauge symmetry. Since we 
have already understood the dominant contributions to the effective potential at high 
(low) temperature, one can appropriately choose the matter content in such a way to 
realize the SNR/ISB. 

Let us first present a model with the gauge symmetry nonrestoration. We consider 
the matter content given by 

(N} d , a) = (2, ~) , (JV^, a) = (6, i) , (N} d , a) = (1, 0) , (jV^, a) = (2, 0) , 

(30) 

where N* d p and Nj d stand for the number of the adjoint scalars (fermions) and for 
the one of the fundamental scalars (fermions), respectively. The a denotes the twisted 
boundary condition defined by (1IB]) . We consider the scalars satisfying the antiperiodic 
boundary condition in the model. 

At zero temperature, LT = 0, the vacuum configuration of the model is numerically 
found to be 

9 ~ 0.277459. (31) 

The SU(2) gauge symmetry is broken down to 2/(1). Then we turn on and increase the 
temperature. We depict the behavior of the vacuum expectation value 9 with respect 
to LT in Fig.l by numerical calculations. We do not find the vacuum configuration 
that respects the SU(2) gauge symmetry for any values of LT. This means that, even 
if we go to the high temperature, the gauge symmetry is not restored, unlike the usual 
Higgs mechanism. Hence, the model realizes the symmetry nonrestoration. At high 
temperature, LT ^> 1, we find that the vacuum expectation value approaches 

9 ~ 0.276746. (32) 
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9 

0.280r 



0.278 




Figure 1: The behavior of 9 with respect to LT in the model (1301) . The asymptotic value 
of 9 for LT ^> 1 is about 0.276746, which is consistent with the one obtained from the 
four- dimensional gauge theory explained in the text. 



We also observe that the model does not have a phase transition. 

As discussed in the previous section, at high temperature, LT ^> 1, 9 is determined 
by a four-dimensional (R 3 x S"^) gauge theory including the bosonic degrees of freedom 
alone. In the high temperature limit, the present model (1301) consists of the gauge, adjoint 
and fundamental scalar fields. The vacuum expectation value 9 of the four- dimensional 
gauge theory is numerically found to be 9 ~ 0.276746, which is the same as (|32l) obtained 
by the original five- dimensional gauge theory in the high temperature limit. 

Let us next present a model with the inverse symmetry breaking. The matter content 
in this case is given by 

(N' fi , a) = (l, i) , (JV^, a) = (5, 1) , (N f fd , a) = (1, 0) , (jV*,, a) = (0, 0) . 

(33) 

The notations are the same as before. Let us note again that we consider the scalars 
satisfying the antiperiodic boundary condition. 

At zero temperature, LT = 0, the vacuum configuration of the model is found to be 

9 = 0.5, (34) 

for which the SU(2) gauge symmetry is unbroken. Let us note that the massless gauge 
boson exists in the spectrum even for the nontrivial value (1341) . When we turn on and 
increase the temperature, the vacuum expectation value 9 changes as depicted in Fig. 2 
We observe that the value of 9 jumps at the critical temperature LT C ~ 0.8836, and 
the degenerate vacuum configurations — one is 9 = 0.5, and the other is 9 ~ 0.298456 — 
appear. The latter configuration breaks the SU(2) gauge symmetry down to U(l). The 
asymptotic value for LT 3> 1 is 

9 ~ 0.265649. (35) 
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Figure 2: The behavior of 9 with respect to LT in the model fl33|) . The critical temper- 
ature, at which the vacuum expectation value jumps, is LT C ~ 0.8836. The asymptotic 
value of 9 is about 0.265649, which is consistent with the value obtained by the four- 
dimensional gauge theory explained in the text. 

The SU(2) gauge symmetry is not restored. Hence, the model realizes the inverse symme- 
try breaking. We also depict the behavior of the effective potential at around the critical 
temperature in Fig. 3. The phase transition is clearly first order, which is also understood 
from the discontinuity of the vacuum expectation value in Fig. 2. 



V_{eff} 




Figure 3: The behavior of the effective potential with respect to LT in the model ( 1331 ). 
The solid (dashed, dotted) line corresponds to LT = LT C (1.2, 0.5), respectively. The 
critical temperature LT C is about 0.8836. The potential is symmetric with respect to 
9 = 0.5, as understood from fT28l and fl29l). 

At high temperature, LT ^> 1, the 9 is determined by a four-dimensional (R 3 x S^) 
gauge theory, where all of the fermions are decoupled and the Euclidean time coordinate 
shrinks. The 9 in the four-dimensional gauge theory is numerically found to be 9 ~ 
0.265649. This is the same as (1351) obtained by the original five-dimensional gauge theory 
at the high temperature limit. 
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We have presented the models with the symmetry nonrestoration and the inverse 
symmetry breaking at high temperature. We note that at high temperature the model is 
described by the four- dimensional (R 3 x S^) gauge theory including only bosonic degrees 
of freedom. The nontrivial boundary condition a for the scalar fields is crucial for the 
two interesting phenomena at high temperature. 

Let us finally present a model which has both the usual symmetry restoration of the 
SU(2) gauge symmetry and the inverse symmetry breaking in the intermediate range of 
LT. The matter content is given by 

(NJ d , a) = (2, I) , (JV^, a) = (6, I) , (N} d , a) = (1, 0) , (iV*,, a) = (0, 0) . 

(36) 

The vacuum configuration at zero temperature is numerically found to be 

9 ~ 0.359407, (37) 

for which the SU(2) gauge symmetry is broken to U(l). If we increase the temperature, 
the behavior of the vacuum expectation value 9 with respect to LT is given in Fig. 4. 
The first order phase transition occurs at LT C \ ~ 0.2914, and the SU(2) gauge symmetry 



0.50 
0.45 
0.40 
0.35 : 
0.30 

0.0 0.5 1.0 1.5 2.0 2.5 ~" 

Figure 4: The behavior of 9 respect to LT in the model ( 1361) . The first (second) jump 
of the vacuum expectation value occurs at LT ~ 0.2914(0.8104). The asymptotic value 
for LT ^> 1 is about 0.276746, which is consistent with the one obtained by the four- 
dimensional gauge theory explained in the text. 

is restored like the usual Higgs mechanism. The second phase transition, which is again 
first order, occurs at LT c2 ~ 0.8104. The SU(2) gauge symmetry is again broken to U(l) 
at high temperature. The asymptotic value for LT ^> 1 is 9 ~ 0.276747. This model 
belongs to the class of the inverse symmetry breaking at high temperature, but the model 
has the usual symmetry restoration of the SU(2) gauge symmetry in the intermediate 
range of the temperature. This is similar to the phase transition discussed in |30j . 
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6 Conclusions 



We have investigated the D-dimensional gauge theory with an extra dimension of a circle, 
in particular at high and low temperature. The theory possesses two order parameters of 
gauge symmetry breaking: One is the zero mode of the gauge field for the Euclidean time 
direction and the other is that for the direction of the extra dimension. We have evaluated 
the effective potential for the order parameters in the one-loop approximation and suc- 
ceeded in expressing it in three different forms: One is suitable for high temperature/large 
extra dimension, another is suitable for low temperature/a small extra dimension, and 
the third one is useful for numerical computations. Using those expressions and mainly 
focusing on the expectation value (a y ) of the extra component of the gauge field, we have 
found that at high temperature the effective potential for (a y ) in the D-dimensional gauge 
theory on the circle reduces to that in a (D — 1) -dimensional theory defined by remov- 
ing the Euclidean time coordinate and all of the fermions from the original theory, while 
at low temperature it is determined by the original D- dimensional gauge theory on the 
circle at zero temperature. This result leads to the conclusion that the gauge symmetry 
nonrestoration and/or the inverse symmetry breaking at high temperature can occur in 
a class of gauge theories on a circle with appropriate matter contents. 

As a demonstration, we have presented 5d SU(2) gauge models on a circle that cause 
the gauge symmetry nonrestoration or the inverse symmetry breaking to indeed occur at 
high temperature. Those properties should be contrasted to the gauge symmetry breaking 
induced by the Higgs mechanism. In this case, one-loop radiative corrections to the Higgs 
mass squared will be proportional to T 2 with positive coefficients at high temperature, 
so that the gauge symmetry is expected to be restored at high temperature [151 EE EZ] • 
We have further discussed that phase transitions in such a class of gauge theories are, in 
general, first order and have shown that it is actually the case for the models we have 
studied. 

Considering the higher rank gauge group such as SU(3) is one of the simplest ex- 
tensions of our studies. There are more symmetry breaking patterns through (a y ) for 
that case than the case of 577(2). We expect a rich variety of vacuum structure at finite 
temperature [32] . 




We can also easily extend the expressions of ( 1221) and ( 1261) to gauge theories with extra 
dimensions of a higher-dimensional tori T p = x S\ 2 x ■ ■ ■ x S\ p . Then the one-loop 
effective potential can be expressed in the following two ways: 



V D ((a T ),(3-(a yi ),L t , ai] M) n = V D ((a T ),ft; M) n + — ]T V D ~ l ((a yi ), L t , on; M~) n 




1 



oo 



V D {{a yi ),L i ,a i - 1 M) n 



Y, V D ~ p ((a T ),(3-Mn v ..n p )Ti, (38) 



P ni ,.-.,np=— oo 
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where 



(39) 



It immediately follows that at high temperature the vacuum configuration for (a yi )(i = 
1, ■ • • ,p) can be determined by the (D — l)-dimensional (zero temperature) gauge theory 
on the tori T v without fermions, while at low temperature it can be determined by the 
original D-dimensional zero temperature gauge theory on T p , so that the gauge symmetry 
nonrestoration and/or the inverse symmetry breaking at high temperature can occur in 
a class of gauge theories compactified on T p . 

We would like to make some comments on high and low temperature approximations 
and also higher order effects. We have shown that the one-loop effective potential (JT7J) 
can be written into the two other different forms (1221) and (1261) . The expression (122]) (( 1261) ) 
is useful for the analysis at high (low) temperature LT ^> 1 (LT <C 1) because contri- 
butions of the nonzero Matsubara (Kaluza-Klein) modes are exponentially suppressed. 
Those modes, however, become important at LT w 1, and high (low) temperature ap- 
proximations will break down. Then the analyses of the one-loop effective potential at 
LT m 1 may be performed by numerical computations with the original expression (TTTj) . 
The above observation suggests that a phase transition will occur at a critical temperature 
T c of order 1/L if the high temperature vacuum configuration is different from the low 
temperature one. This has been confirmed for the models studied in the section 5. 

Our considerations are restricted to the one-loop approximation. Higher order ef- 
fects could alter one-loop results. One such effect will be temperature-dependent mass 
corrections. At two-loop order, the squared mass M~ of the Matsubara mode I could 
acquire a mass correction AM 2 ~ g 2 T 3 @. Then in (1211) is expected to be replaced by 
\JM~ + AM 2 . If VAM 2 L > 1, i.e. LT > l/(#f) 1/3 , where g\ = g 2 /L is a 4d dimension- 
less coupling constant, contributions of all of the bosonic modes would be exponentially 
suppressed like fermionic ones. Therefore, for such a high temperature region, higher 
order effects should be considered properly. 

Our results suggest that if the gauge symmetry breaking was caused not by Higgs 
fields but by gauge fields of extra dimensions, the gauge symmetry could not be restored 
at the early Universe or the gauge symmetry could be restored with the first order phase 
transition. It would be of great importance to investigate cosmological implications in 
such a scenario. 
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7 Note that the five-dimensional gauge coupling constant g 2 has mass dimension —1, so that g 2 T 3 has 
mass dimension 2. 
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